Translation efficiency (TE), defined as the number of protein molecules produced from one given mRNA molecule, depends on several factors, such as the frequency with which ribosomes are loaded on the mRNA and initiate translation, the velocity of translation elongation, as well as the stability of the mRNA and the protein ([@r1][@r2]--[@r3]). TE can be very sensitive to variations in translation initiation, as rates of initiation differ by more than 100-fold ([@r4][@r5]--[@r6]). In bacterial cells the initiation efficiency of an mRNA is determined by the properties of the ribosome binding site (RBS) and is further attenuated by interactions of the translating ribosome with RNA-polymerase ([@r7][@r8]--[@r9]) and with neighboring ribosomes in a polysome ([@r10], [@r11]). While translation initiation on free mRNAs has been extensively studied, the mechanism of ribosome loading onto a densely packed polysome is unclear.

In exponentially growing *Escherichia coli* cells, 70% of the ribosomes are found in polysomes ([@r12]). Ribosomes can load onto the mRNA in intervals of 1--3 s ([@r10]). The average polysome-packing density is 1.3 ribosomes per 100 nucleotides (nt) of mRNA, which yields an average ribosome spacing of 77 nt ([@r13]), with examples ranging from one ribosome every 72 nt on *luc* mRNA ([@r14]) to one in every 100 nt on *lacZ* mRNA ([@r10], [@r15]). Such ribosome spacing is much less tight than the maximum packing of one ribosome every 30 nt expected from the size of the ribosome footprint on mRNA. Computer modeling suggests that ribosome collisions and queues reduce translation efficiency substantially ([@r10]), which may explain a preference for moderate ribosome density. In some cases, polysome packing is very loose, such as on a galactoside acetyltransferase mRNA, which is loaded at 16-s intervals to result in a spacing of 580 nucleotides between consecutive ribosomes ([@r16]). In the cellular context such loose packing resembles ribosome binding to free mRNA or mRNA recruitment of the first (leading) ribosome during polysome formation. Translation by the leading ribosome can change the initiation efficiency of the following ribosomes in two ways. If the 5′ untranslated region (5′UTR) of the mRNA contains secondary structures, and if refolding of these structures is slow compared with RBS clearance by the translating ribosome, recruitment of the following ribosome may be facilitated by an increased accessibility of the RBS. This is referred to as ribosome drafting ([@r17]). On the other hand, the leading ribosome can slow down recruitment of the following ribosomes by occupying the RBS. Thus, the rate of ribosome loading on an mRNA may depend not only on the properties of the RBS, but also on the rate of translation at the beginning of the ORF ([@r10], [@r18], [@r19]). Such models imply different initiation kinetics for the leading and following ribosomes, but the experimental evidence for this notion is scarce.

Translation initiation on the leading ribosome entails three main steps. It begins with the formation of the 30S preinitiation complex (30S PIC), in which initiation factors (IFs) 1, 2, and 3, mRNA and initiator fMet-tRNA^fMet^ assemble on the small ribosomal subunit (30S) before start-codon recognition. Recruitment of mRNA to the 30S subunit is independent of IFs and fMet-tRNA^fMet^ ([@r20], [@r21]). The complementarity between the Shine--Dalgarno (SD) sequence in the mRNA and the anti-SD sequence in 16S rRNA places the start codon in the P site of the 30S subunit. However, if an mRNA forms secondary structures in the 5′UTR that mask the start codon and SD sequence, the 30S subunit can bind at a single-stranded region of the mRNA and then search along the mRNA for the initiation codon when the mRNA structure unwinds ([@r21][@r22][@r23]--[@r24]). Folded 5′UTRs bind to the platform region of the 30S subunit in the vicinity of ribosomal protein S2 ([@r25]). Protein S1, which is assembled onto protein S2, also contributes to the recruitment of such mRNAs and to the RNA-unwinding activity of the ribosome during initiation ([@r26]). Unwinding of secondary structures allows the mRNA to dock into the mRNA-binding channel of the 30S subunit. The anticodon of fMet-tRNA^fMet^ can then base-pair with the start codon, which converts the 30S PIC into the 30S IC. Subsequent joining of the large ribosomal subunit (50S) forms the 70S IC that can enter elongation (70S EC) ([@r27]).

Here we compare the initiation mechanisms employed by the leading and the following ribosomes in a fully reconstituted translation system from *E. coli*. As an example of an mRNA with high TE, we have chosen *lpp* mRNA, which codes for the major outer membrane prolipoprotein (Lpp, Braun's lipoprotein). Lpp is one of the most abundant proteins in *E. coli* and other Gram-negative bacteria ([@r28], [@r29]). It is essential for the stabilization of the cell wall and is a potent inducer of inflammation accompanying bacterial infections ([@r30]). Mutant strains where Lpp production is reduced do not grow and do not divide normally ([@r31]). The *lpp* gene is constitutively transcribed, and the mRNA is rather stable (half-life ∼ 10 min in vivo) ([@r32]). Lpp is synthesized in 750,000 copies per cell, with a TE of 2.27 ([@r28], [@r29]). Such a high TE value is found also for EF-Tu (700,000 copies and TE of 2.29), one of the most abundant proteins in *E. coli*, and is much higher than that of other well-expressed proteins, such as ribosomal proteins or other translation factors (which have TE values of about 0.7). The high TE suggests that *lpp* mRNA can be efficiently loaded by consecutive ribosomes to form a polysome, but the mechanistic basis of the efficient ribosome recruitment is not known. In the present work we show that polysome loading on *lpp* mRNA proceeds via a standby site on the mRNA, which is distinct from the start-codon/SD sequence, and requires the interaction with ribosomal proteins S1/S2.

Results {#s1}
=======

Standby Site in Polysome Loading. {#s2}
---------------------------------

The 5′UTR of the *lpp* mRNA is 38 nt in length ([Fig. 1*A*](#fig01){ref-type="fig"}) and is predicted to contain weak secondary structure elements with a folding energy of about −4 kcal/mol ([*SI Appendix*, Fig. S1*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The native ORF codes for a 78 amino acid (aa)-long protein followed by a 50-nt-long 3′UTR ([@r33]). To test whether the 5′UTR of *lpp* contributes to its high TE, we used dual reporter luciferase assays ([*SI Appendix*, Fig. S1*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). We constructed expression plasmids carrying a T7 RNA--polymerase transcription site, the 5′UTR of interest followed by the Renilla luciferase (*rluc*) ORF, and a second 5′UTR from the pET24 vector followed by the Firefly luciferase (*fluc*) ORF. Transcription yields a polycistronic mRNA with a variable *rluc* and a constant *fluc* expression; the latter is used as an internal control for calculations. For quantitative comparison, we utilized the scale of 111 RBS constructs tested for their expression strength, which covers two orders of magnitude in expression levels ([@r34]). As an example of an RBS with a basal expression level we used *R0004* ([@r34]). Rluc expression is 12.6-fold higher with the *lpp* than with *R0004* 5′UTR ([*SI Appendix*, Fig. S1*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), which places the *lpp* leader among the 25% best on the scale of the tested RBS constructs ([@r34]) ([*SI Appendix*, Fig. S1*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)).

![Recruitment of the 30S PIC to 5*\*lpp* mRNA. (*A*) Sequences of the 5′UTR of *lpp* mRNA and the mutant *lpp*~AUU~ mRNA. The start codon of the ORF is shown in red, and an AUG codon at the mRNA 5′ end is in bold. Underlined are the sequences of RNA primers used in the poly(U)--polymerase reaction. (*B*) Fluorescence change of 5*\*lpp* mRNA upon binding to the 30S PIC. Exp. A: Recruitment of 30S PIC to free 5*\*lpp* mRNA. A schematic of the reaction is shown in the cartoon. AUG is the start codon of the ORF; the rest of the coding region is replaced with a poly(U) sequence; "30S" denotes 30S PIC (0.3 µM) formed of 30S subunits, IF1, IF2--GTP, and IF3. The initial fluorescence of free mRNA is referred to as F~0~, and the final fluorescence is referred to as F~1~. Exp. B: Recruitment of the 30S PIC to 5*\*lpp* mRNA, which has been translated by the leading 70S ribosome. The 70S IC was formed on 5*\*lpp* (0.05 µM), purified from initiation components and mixed with excess of EF-Tu, EF-G, Phe-tRNA, and GTP to initiate elongation. The 70S EC is stalled at the end of the poly(U) track. The liberated RBS recruits the second 30S PIC (0.3 µM). Exp. C: Recruitment of the 30S PIC to the 70S IC occupying the start codon of 5*\*lpp* mRNA. The 70S IC was prepared as in Exp. B and mixed with the 30S PIC in the absence of the translation mixture. The starting fluorescence F~1~ is due to the binding of the first ribosome (Exp. A). The fluorescence of 5*\*lpp* mRNA with two ribosomes bound to the 5′UTR is F~2~.](pnas.1718029115fig01){#fig01}

Next, we developed an assay to monitor the 30S subunit binding to the mRNA in vitro. The fluorescence reporter group, Atto 488, was attached to the 5′end of the *lpp* RBS RNA primer. To limit the potential influence of the coding sequence both on the secondary structure of the 5′UTR and on the elongation rate, we replaced the native coding sequence with a poly(U) stretch of about 100 nt in length ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1 *E* and *F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)) using primer extension by a template-independent poly(U)--polymerase ([@r35]); the resulting fluorescence-labeled mRNA is referred to as 5*\*lpp*. The functional activity of the mRNA in forming the 30S IC and 70S IC is demonstrated by nitrocellulose filtration and translation assays ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)).

We first monitored the binding of the 5*\*lpp* mRNA to the 30S PIC \[[Fig. 1*B*](#fig01){ref-type="fig"}, experiment (Exp.) A\]. Upon binding, 5*\*lpp* fluorescence increases from the initial level---which we denote as F~0~---by 10% to the level that we refer to as F~1~, whereas no fluorescence change is observed in the absence of 30S subunits ([Fig. 1*B*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The fluorescence change is biphasic with a predominant rapid phase accounting for ∼2/3 of the total fluorescence amplitude, followed by a slower phase. The apparent rate constant of the rapid phase, k~app1~, increases linearly with ribosome concentration ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), suggesting that it represents a bimolecular binding step. The concentration dependence of the apparent rate constant of the slower step, k~app2~, is hyperbolic, as expected for a conformational rearrangement following binding. The fluorescence change is very similar in the presence or absence of fMet-tRNA^fMet^ and is independent of the addition of the initiation factors or 50S subunit ([*SI Appendix*, Figs. S2 and S3*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). This suggests that the reporter monitors the initial steps of mRNA binding to the 30S subunit before start-codon recognition or 50S subunit joining. The rate constants of binding calculated from the concentration dependence of the k~app~ values are summarized in [*SI Appendix*, Fig. S2*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental). At a given concentration of the 30S PIC, the overall kinetics of binding can be described by the characteristic recruitment time (τ) corresponding to the lifetime of the F~0~ to F~1~ transition, e.g., τ = 0.56 s at 0.3 µM 30S PIC ([Fig. 1*B*](#fig01){ref-type="fig"} and see [*SI* Appendix, SI *Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). In the following, we will use the τ values to facilitate direct comparison between individual time courses.

Next, we sought to mimic the recruitment of the 30S PIC to the mRNA in the polysome. When the mRNA is translated, the leading ribosome moves along the mRNA and liberates the RBS for binding of the next ribosome ([Fig. 1*B*](#fig01){ref-type="fig"}, Exp. B). We formed the leading 70S IC and purified the complex from the initiation factors. Then, we started translation by adding elongation factors EF-Tu, EF-G, with GTP and Phe-tRNA^Phe^. Translation resulted in the incorporation of about 30 phenylalanine residues into the nascent chain with an average rate of 2.8 aa·s^−1^ ([*SI Appendix*, Fig. S2*F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Because the mRNA lacks a stop codon at the end of the coding sequence, and the translation system does not contain any factors that could release the ribosome from the mRNA, the leading ribosome remains bound to the mRNA after translation is completed. Then, we rapidly mixed these 70S EC with the 30S PIC. The recruitment of the 30S PIC results in a fluorescence change from level F~0~ to F~1~ with τ = 0.37 s (Exp. B), similar to the ribosome recruitment on the free mRNA (Exp. A). Thus, the mRNA recruitment rates of the leading and following ribosomes are similar, provided the RBS is accessible.

To test whether the 70S IC residing on the start codon prevents the recruitment of the following 30S PIC, we prepared the 70S IC as described above, but did not add the translation components ([Fig. 1*B*](#fig01){ref-type="fig"}, Exp. C). Surprisingly, fluorescence increased to a higher F~2~ level, indicating that the 30S PIC is recruited to the part of the mRNA that is free from the leading ribosome, rather than to the start codon. When the F~2~ level is reached, addition of excess 30S PIC does not change the fluorescence further ([*SI Appendix*, Fig. S3*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The recruitment time τ is 0.51 s (Exp. C), similar to that observed when the start codon is free. The part of the 5′UTR that is not engaged by the leading 70S IC can form weak secondary structures, but the folding energy is even less favorable than that of the free 5′UTR ([*SI Appendix*, Figs. S1*A* and S3*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Thus, the 5′UTR of *lpp* mRNA is capable of recruiting two ribosomes, a 70S IC that occupies the start codon and a 30S PIC that binds to the mRNA upstream of the start codon, the latter in a standby position waiting for the leading ribosome to vacate the start site.

The observed 30S PIC binding upstream of the regular start codon might be directed by the silent AUG codon located 6 nt from the mRNA 5′ end and 30 nt upstream of the regular AUG. To test the role of the upstream AUG, we mutated it to AUU ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1 *F*--*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The mutant *lpp*~AUU~ mRNA, either free or in complex with the 70S IC bound at the start codon, recruits the upstream 30S PIC almost as efficiently as the mRNA with the native AUG ([*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The recruitment time of the 30S PIC is twofold longer than that with the WT sequence, but the final fluorescence is the same. This indicates that determinants in the 5*\*lpp* mRNA other than the upstream AUG are responsible for the 30S PIC standby recruitment.

To test whether the second ribosome is recruited at the standby position of the natural *lpp* mRNA as well, we repeated the two key experiments A and C with the full-length mRNA transcript (5\**lpp-fl*; [*SI Appendix*, Fig. S5*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Binding of the 5\**lpp-fl* mRNA to the 30S IC leads to a fluorescence increase, albeit the rate of the reaction is somewhat reduced compared with the construct with poly(U) as a coding sequence ([*SI Appendix*, Fig. S5*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Addition of the 30S PIC to the 70S IC results in further increase of fluorescence indicating the recruitment to the mRNA of the second 30S subunit ([*SI Appendix*, Fig. S5*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Thus, 30S subunit loading onto the standby site when the leading ribosome occupies the start codon occurs independently of the coding sequence of the mRNA.

Role of Ribosomal Proteins S1 and S2. {#s3}
-------------------------------------

Ribosomal proteins S1 and S2 have been implicated in standby interactions with structured mRNAs ([@r23], [@r25], [@r26]). To test whether these interactions play a role in initiation on 5*\*lpp* mRNA, we used mutant ribosomes depleted of S1 and S2 (30SΔ or 70SΔ; [Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S1*K* and S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). The 30SΔ IC (if formed) is not stable ([*SI Appendix*, Fig. S1*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), and the 5*\*lpp* fluorescence does not change ([*SI Appendix*, Fig. S6*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Formation of the stable 70SΔ IC ([*SI Appendix*, Fig. S1*I*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), translation ([*SI Appendix*, Figs. S1*J* and S2*F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), and the recruitment of the WT 30S subunit concomitant to the translation by the 70SΔEC do not result in a reliable fluorescence effect ([*SI Appendix*, Fig. S6 *B* and *C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). After the leading 70SΔEC has translated the mRNA, recruitment of the WT 30S IC takes place in the normal way, i.e., the fluorescence increases from F~0~ to F~1~ independent of whether the first round of translation was carried out by the 70SWT or 70SΔ ribosomes ([Fig. 2](#fig02){ref-type="fig"}, Exp. BΔ). However, when the leading 70SΔ IC occupies the start codon, recruitment of the 30S PIC to the standby site is very slow, with recruitment time of about 43 s compared with 0.51 s for the leading ribosome that contains S1 and S2 ([Fig. 2](#fig02){ref-type="fig"}, Exp. CΔ). Thus, S1/S2 are not only important for the initial recruitment of structured mRNAs on the given ribosome, but may also affect (by as much as 85-fold) the loading time of the following ribosome on the same mRNA.

![The role of proteins S1/S2. Exp. BΔ: Recruitment of the 30S PIC to 5*\*lpp* mRNA, which has been translated by the leading 70SΔ EC. Cartoon represents the schematic of the reaction as in Exp. B in [Fig. 1](#fig01){ref-type="fig"}, but performed with the leading ribosome lacking proteins S1 and S2 (shown blue in the cartoon). The 70SΔ IC was formed on 5*\*lpp* mRNA (0.05 µM) mixed with the excess of EF-Tu, EF-G, Phe-tRNA, and GTP to initiate elongation (70SΔ EC). After translation is completed, WT 30S PIC (0.3 µM, white symbol in the cartoon) was added, and the fluorescence change upon recruitment to 5*\*lpp* mRNA was monitored (blue trace; 70SΔ EC-30S). The analogous experiment with the WT 70S EC as a leading ribosome is shown for comparison (black trace). Exp. CΔ: Recruitment of the WT 30S PIC to 5\**lpp* mRNA when the start codon is occupied by the 70SΔ IC (blue trace) or WT 70S IC (black trace). Cartoon is the same as Exp. C in [Fig. 1](#fig01){ref-type="fig"}.](pnas.1718029115fig02){#fig02}

Initiation on mRNA During Translation. {#s4}
--------------------------------------

Next, we studied binding of the 30S PIC to the 5\**lpp* mRNA that is being translated by the leading 70S ribosome. We first tested whether 5*\*lpp* fluorescence changes during translation by the leading 70S EC ([Fig. 3](#fig03){ref-type="fig"}, Exp. D). When we add the elongation machinery to 70S IC, the 5*\*lpp* fluorescence decreases from the F~1~ level to the F~0~ level, indicating the movement of the 70S EC away from the mRNA 5′ end in the course of translation. The fluorescence decrease depends on the pace of elongation, i.e., in the absence of EF-G the fluorescence remains on the F~1~ level, whereas at low EF-G concentrations the transition to the F~0~ level occurs much more slowly than at saturating EF-G concentration ([*SI Appendix*, Fig. S7*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Similarly, when translation is initiated in the complex with a leading 70S IC assembled on the start codon and a 30S PIC waiting in the standby position ([Fig. 3](#fig03){ref-type="fig"}, Exp. E), the starting fluorescence F~2~ decreases to F~1~ due to the 70S EC moving away from the initiation site upon translation. At the same time the 30S PIC likely moves from the standby site to the start codon, but the respective fluorescence change is hidden in the overall kinetics. Finally, when translation starts simultaneously with the addition of the 30S PIC ([Fig. 3](#fig03){ref-type="fig"}, Exp. F), initial fluorescence F~1~---which corresponds to the fluorescence of the 5*\*lpp* mRNA bound to the 70S IC---first increases due to the recruitment of the following 30S PIC and then decreases when the translating 70S EC moves away from the 5′ end of the mRNA. The final level F~1~ is due to 30S IC assembly, as in Exp. B. The relative amplitudes of fluorescence increase and decrease depend on the rate of translation ([*SI Appendix*, Fig. S7*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). In the presence of EF-G in low concentrations, the intermediate with translating 70S EC and 30S PIC at the standby position accumulates because translation is slow and decreases back to the F~1~ level more slowly than in the presence of saturating EF-G concentrations. Thus, while the leading ribosome translates the mRNA, the next 30S PIC is recruited to the standby site of the mRNA and then moves to the start codon vacated by the leading ribosome.

![The 30S PIC loading during mRNA translation by the leading ribosome. Exp. D: Fluorescence change of 5*\*lpp* mRNA upon translation by the leading 70S EC. The 70S IC (0.05 µM) was rapidly mixed with the translation mix \[ternary complex (TC) and EF-G, with GTP\]. Cartoon indicates movement of the leading 70S EC upon translation. Exp. E: Same as in Exp. D, but in the presence of the 30S PIC (0.4 µM) bound at the standby site. Cartoon indicates that the 30S PIC movement from the standby site toward the start codon ([Fig. 4](#fig04){ref-type="fig"}). Exp. F: Fluorescence of 5*\*lpp* mRNA upon addition of 30S PIC (0.4 µM) and the translation machinery to the purified 70S IC (0.05 µM). Cartoon indicates translation by the leading 70S EC and the movement of the 30S PIC from the stand by site to the vacated start site.](pnas.1718029115fig03){#fig03}

To dissect the kinetic mechanism of 30S PIC loading onto the mRNA while it is translated by the leading ribosome, we deconvoluted the 30S PIC binding and translation steps ([Fig. 4*A*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). To analyze the initial recruitment of the 30S PIC to the translating ribosome, we calculated the difference between Exps. E and F. The time course of Exp. F contains all of the information about the complete process of 30S PIC binding, including initial recruitment to the standby site followed by the accommodation at the vacated start codon. By contrast, in Exp. E the initial recruitment has already happened, and the time course reflects translation and the following 30S PIC rearrangement steps ([*SI Appendix*, Fig. S8*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)). Thus, subtraction of trace E from F yields the fluorescence change associated with the initial recruitment of 30S PIC to the standby site before the accommodation at the start codon ([Fig. 4*B*](#fig04){ref-type="fig"}, *Left*). The resulting deconvoluted time course is biphasic, similarly to the two-step recruitment of the 30S PIC to free 5*\*lpp* mRNA ([Fig. 1*B*](#fig01){ref-type="fig"}, Exp. A, and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)).

![Dissecting the initiation kinetics in a polysome. (*A*) A kinetic mechanism used for global fitting. Errors are SEM of the fit. (*B*) Deconvoluted time courses for the initial recruitment of the 30S PIC to the standby site (*Left*); of the rearrangement and accommodation at the start site (*Middle*); and of the overall reaction (*Right*). (*Top*) For 0.05 µM 30S PIC. (*Bottom*) For 0.4 µM 30S PIC. The experimental time courses used for deconvolution are indicated in each panel. The results of global fit are shown as red lines. Error bars for the translation elongation kinetics are SD (*n* = 4 independent experiments).](pnas.1718029115fig04){#fig04}

The difference trace between the time courses of Exps. E and D ([Fig. 3](#fig03){ref-type="fig"}) represents the fluorescence change associated with the 30S PIC accommodation at the start codon, while the initial recruitment of the 30S PIC is not monitored, and the fluorescence change due to translation is the same in E and D, such that the respective signal changes cancel out ([Fig. 4*B*](#fig04){ref-type="fig"}, *Middle*). The deconvolution reveals a biphasic kinetics, with a rearrangement resulting in a decrease of 5*\*lpp* fluorescence followed by a slower increase. Finally, the difference between Exp. F and D contains the complete information on the binding of the initial recruitment 30S PIC and the subsequent steps resulting in the accommodation at the start codon vacated by the leading 70S EC ([Fig. 4*B*](#fig04){ref-type="fig"}, *Right*). To validate the deconvolution approach, we compared recorded and calculated time courses obtained by deconvolution. For example, subtraction of Exp. C from Exp. F should yield the time course monitored in Exp. E ([*SI Appendix*, Fig. S8*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)), which is indeed the case in this and other tested cases ([*SI Appendix*, Fig. S8 *B* and *C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)).

We then used deconvoluted time courses for two 30S PIC concentrations (0.05 µM and 0.4 µM; [*SI Appendix*, Fig. S9](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)) to obtain a global fit to a minimal four-step kinetic model ([Fig. 4*A*](#fig04){ref-type="fig"}), which includes two steps (steps 1 and 2) of the initial recruitment to the standby site ([Fig. 4*B*](#fig04){ref-type="fig"}, *Left*) and two steps (steps 3 and 4) of the rearrangements ending with the accommodation at the start site ([Fig. 4*B*](#fig04){ref-type="fig"}, *Middle*). For simplicity, we assume that all steps are quasi-irreversible, reflecting the strong forward commitment toward the formation of the stable 30S IC. The calculated rates represent the overall speed of progression, although the underlying fluctuations are likely reversible. The global fitting resulted in rate constants for the model of [Fig. 4*A*](#fig04){ref-type="fig"}: k~1~ = 24 ± 3 µM^−1^s^−1^, k~2~ = 0.8 ± 0.1 s^−1^, k~3~ = 4 ± 1 s^−1^, and k~4~ = 0.15 ± 0.03 s^−1^. The rate constant of the initial recruitment during translation (24 µM^−1^s^−1^) is somewhat higher than the recruitment to the free mRNA (5 µM^−1^s^−1^), whereas the subsequent docking at the standby site has a similar rate in the two systems (0.8 and 0.6 s^−1^, respectively). When translation starts, the complex undergoes a rapid rearrangement (4 s^−1^), followed by the accommodation of the 30S IC (0.15 s^−1^) limited by the rate of translation (0.10 s^−1^) ([Fig. 4*B*](#fig04){ref-type="fig"}, *Right Bottom*). Thus, the polysome assembly on *lpp* mRNA is ensured by the early recruitment of the 30S PIC to the standby site, which takes place before translation by the leading ribosome begins, followed by rapid movement to the start codon as soon as the leading ribosome moves away.

Discussion {#s5}
==========

Our data suggest the following model for polysome assembly on the *lpp* mRNA ([Fig. 5](#fig05){ref-type="fig"}). After the formation of the leading 70S IC, the next 30S subunit can rapidly bind to the mRNA at a region upstream of the leading ribosome at a standby site. The 23 nt of the 5′UTR remaining for binding of the second ribosome when the first ribosome occupies the start codon is apparently sufficient to make the initial contact. The initial recruitment rate for the *lpp* mRNA (24 µM^−1^s^−1^) in the polysome is within the range of association rates reported for different mRNAs, from 6 to 250 µM^−1^s^−1^ ([@r20], [@r21]). The second ribosome can be recruited faster than the first one (5 µM^−1^s^−1^), which may be explained by the decreased propensity of the accessible mRNA region to form secondary structures. Also similar for the leading and following ribosomes, the rearrangement step of 0.8 s^−1^ reflects a step of the mRNA docking on the standby site that precedes ribosome accommodation on the start codon. For the leading ribosome, we only monitor these two steps, whereas the following accommodation on the start codon is not monitored directly. The previously reported accommodation rate for other mRNAs is 0.5 s^−1^ and limited by codon recognition ([@r20], [@r36]). Assuming a similar rate of codon--anticodon recognition for the *lpp* mRNA, the docking and codon-recognition steps together would cause a short delay (about 3 s) between the recruitment of the leading ribosome and the beginning of translation elongation.

![Kinetic models of translation initiation. (*A*) Simplified model of translation initiation on a free mRNA. Initial recruitment is followed by the docking at the standby site. Subsequent accommodation at the start site forms the 30S IC, which after 50S docking can enter the elongation step. (*B*--*D*) Loading of the successive ribosomes into a polysome. (*B*) The second ribosome can bind and dock at the standby site before the leading ribosome moves away from the start codon. Translation is limiting the rate of the second initiation. (*C*) Queuing of ribosomes at the coding sequence due to, e.g., rare codons preventing loading of the following ribosomes, thereby decreasing the rate of initiation and the overall TE ([@r10], [@r18], [@r19]). (*D*) The leading ribosome helps to unwind folded mRNA. If refolding is slower than the start-codon clearance, the following ribosome can bind the mRNA in the polysome faster than the free mRNA ([@r17]).](pnas.1718029115fig05){#fig05}

For the following ribosome, the situation is different. Although the 30S PIC is rapidly recruited and can dock at the standby site, the following steps depend on translation elongation by the leading ribosome. We identify two additional initiation rearrangements manifested by rapid (4 s^−1^) and slow (0.15 s^−1^) steps. The origin of the rapid rearrangement step is unclear. Because it is observed only when the first ribosome starts translation, it could reflect a reaction related to the initial steps of elongation, e.g., the release of the SD--aSD interactions by the first ribosome, a conformational change of the mRNA, or a change in the interactions between the two adjacent ribosomes. The slowest step of initiation by the second ribosome coincides with the rate of translation by the first ribosome. This slow loading of the second ribosome on the start codon gives the first ribosome enough time to move by about 56 nt away from the start codon (calculated from the time of accommodation, 1/0.15 s, and the rate of translation, 2.8 aa·s^−1^). Within the precision of such calculations, this value is close to the average ribosome spacing of 77 nt between adjacent ribosomes. Given that in our experiments the 30S subunits are waiting for the leading ribosome to leave, and thus the polysome density depends solely on translation elongation, the observed ribosome packing may represent the optimum or even close-to-maximum attainable polysome density, which may be determined by the orientation of the ribosomes in a polysome ([@r14]) or the large-scale dynamics of the L1 and L12 stalks of the ribosome. In the natural setting, the rate of translation is defined by the coding sequence, and thus the polysome density is likely modulated by the elongation rate, but the propensity for efficient loading is the property of mRNA 5′ UTR.

Early recruitment of ribosomes to the standby site and the tight coupling between initiation and elongation makes the elongation step rate-limiting for ribosome loading onto the polysome. Depending on the coding sequence of the mRNA this may have a profoundly different effect on initiation. When the rate of elongation is slow, e.g., due to the presence of rare codons at the beginning of the ORF, this can limit the frequency of ribosome loading ([@r19]). In contrast, for rapidly translating sequences, this may lead to increased loading and thus result in higher TE values. We note that similarly to the poly(U) sequence, which we used in the present experiments, the native coding sequence of *lpp* mRNA does not contain rare codons (Codon Adaptation Index is 0.8) and should be translated rapidly ([@r33]). Thus, early ribosome recruitment to the standby site in combination with the tight coupling between translation elongation and ribosome accommodation at the start codon can explain the high TE of the *lpp* mRNA and may be a hallmark of polysome assembly for highly expressed mRNAs in general. Thus, the 30S subunit recruitment via the standby site provides yet another mechanism to regulate translation initiation in polysomes, in addition to codon usage, which defines how rapidly the first ribosome vacates the start site ([@r19]), and ribosome drafting, which regulates polysome formation on mRNAs that have a propensity to form slowly folding structures ([@r17]) ([Fig. 5](#fig05){ref-type="fig"}).

The standby initiation complex is a state distinct from the canonical 30S IC complex formed upon proper positioning of the AUG codon in the P site. We note that there are two definitions of the standby. In addition to the original notion of the standby site as an mRNA single-stranded region outside the start codon ([@r21][@r22][@r23]--[@r24]), the same term is operationally used to describe the part of the ribosome that helps recruiting mRNAs ([@r25], [@r26]), including those with extended secondary structures or weak SD sequences ([@r25], [@r26]). On the 30S subunit, the platform region involved in recruitment of such mRNAs comprises proteins S1, S2, S7, S11, S18, and S21 ([@r25]). Ribosome docking at the standby site could help to unwind the mRNA or trap some specific interactions that favor the subsequent accommodation of the mRNA on the 30S subunit ([@r26]). There are striking similarities between the *lpp* mRNA and the structured mRNAs that are recruited to the standby site: the binding is multiphasic and depends on the presence of proteins S1/S2, and the binding site on the mRNA is distinct from the canonical translation initiation site. Thus, the formation of an initial standby complex may be part of a general mechanism for recruiting structured and unstructured mRNAs alike. In addition to providing optimal ribosome loading in polysomes and unwinding of folded mRNAs, the interaction with the S1/S2 platform may protect the 5′ UTR from premature degradation, thereby indirectly affecting TE.

One interesting observation is that when the leading ribosome lacks proteins S1/S2, recruitment of the following WT ribosome is delayed by as much as 85-fold. This suggests the existence of a yet unknown interplay between the adjacent ribosomes in the polysome mediated by S1/S2. Changes in the expression level of S1 results in the depletion of polysomes, accumulation of monosomes, and changes in the degradation rates of several mRNAs ([@r37]), which underscores the importance of S1 in regulating the interactions in the polysome. Recent cryo-EM data suggest that S1 forms a wall of the tunnel between RNA--polymerase and the 30S subunit, consistent with its role in directing mRNAs onto the ribosome ([@r38]). Understanding of the exact role of protein S1 is challenging, because the structure of this six-domain protein on the ribosome is not available, and the current resolution of polysome structures is not high enough to make predictions ([@r14], [@r38], [@r39]). The 3D organization of polysomes, with neighboring 30S subunits facing each other, may allow protein S1 of the leading ribosome to hold the 5′ end of the mRNA for the next ribosome. More structural information, e.g., a high-resolution structure of two adjacent ribosomes bound to the 5′ leader, is required to solve this question.

In conclusion, our study provides a mechanistic insight into the initiation process during polysome assembly. Our results indicate the role of the initiation standby site during the ribosome loading on a polysome, explain the high TE of a highly translated mRNA, and suggests a mechanism for translational control in polysomes.

Materials and Methods {#s6}
=====================

All experiments were carried out in buffer A (50 mM Tris⋅HCl, pH 7.5, 70 mM NH~4~Cl, 30 mM KCl, 7 mM MgCl~2~) at 37 °C. Stopped-flow experiments were performed using a SX-20MV apparatus (Applied Photophysics), mixing equal volumes of 5*\*lpp* mRNA or 70S IC containing 5*\*lpp* mRNA (0.05 µM after mixing) with 30S PIC (0.4 or 0.05 µM after mixing) with or without the translation mixture (2 µM Phe-tRNA^Phe^ after mixing). For the natural *lpp* mRNA, equal volumes of 5\**lpp-fl* or 70S IC with 5\**lpp-fl* (0.15 µM) were mixed with the 30S PIC (0.5 µM). The Atto 488 fluorophore was excited at 465 nm, and the emission was monitored after passing through a KV500 cutoff filter. To measure the rate of poly(U) synthesis, the experiments were performed using a quench-flow apparatus (KinTek Laboratories, Inc.) by mixing equal volumes of the 70S IC and the translation mixture. The rate constants of 30S PIC recruitment to mRNA in a polysome were calculated by global fit of the deconvoluted time courses obtained at two concentrations of 30S PIC using KinTek Explorer ([@r40]). TE of *lpp* RBS was measured using dual luciferase reporter assay ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718029115/-/DCSupplemental)).
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